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Abstract 

Introduction. Parts of machines and mechanisms that operate in various conditions and come into contact with abrasive 
particles can quickly wear out and fail. This is especially true for the hydraulic block of a drilling pump, which, due to 
intense wear, must be replaced after only 5—10 hours of use when pumping heavy drilling fluids. The analysis of 
scientific literature and experience with drilling pump operation shows that current methods for increasing the wear 
resistance of structural steels against abrasive and impact-abrasive forces are ineffective. Thus, it is an urgent task to 
enhance these properties through improved design and manufacturing techniques for drilling pump components, which 
would reduce the cost of production, repairs, and maintenance. The aim of this work is to study the effect of chemical 
composition of abrasive particles and the strength of the interlayer boundaries of “wear-resistant steel — rubber” on the 
impact and abrasive wear resistance of layered composite materials. 

Materials and Methods. Layered composite materials (LCMs) consisted of: a wear-resistant layer of 40X steel and a 
rubber layer of BK-1675N butyl rubber. The impact and abrasive wear resistance of the LCMs was studied in 
accordance with GOST 23.207-79 on a special installation. A mixture of silicon oxide and aluminum was used as an 
abrasive material. The microstructure of the SCMs surface, as well as the chemical and phase composition of the 
abrasive particles, were analyzed using equipment from the Common Use Center “Nanotechnology” of Platov South- 
Russian State Polytechnic University (NPI). The adhesive strength between the layers of the LCMs was determined 
using a custom-built installation. 

Results. The results of the study revealed that the wear resistance of the LCMs was several times higher than that of 
steels used for manufacturing parts resistant to abrasive particles. During the wear process, solid particles of aluminum 
and silicon oxides actively embed in the surface of the LCMs, increasing the intensity of wear. In contrast, less solid 
particles of magnesium and calcium aluminates were destroyed and fixed in formed defects on the LCM surface, 
slightly reducing wear intensity. It was also found that, when SCM layers were joined by hot vulcanization under 
pressure with a copper concentration of 25-30% in sintered P40X steel, adhesive strength increased to 0.93 MPa. 
Discussion and Conclusion. The developed SCMs make it possible not only to increase the abrasive and impact- 
abrasive wear resistance, but also to use cheaper grades of steels as a wear-resistant layer. The proposed method of 
joining the SCM layers from sintered steels eliminates the need for additional surface machining and the use of special 
adhesives. Such SCMs can be used in the assemblies of machine parts and mechanisms that are operated in conditions 
of abrasive and shock-abrasive wear. 


Keywords: impact and abrasive wear resistance, layered composite material, drilling pumps, elastic-dissipative 
substrate, adhesive strength 


Acknowledgements. The author would like to thank the Editorial board and the reviewers for their attentive attitude to 
the article and for the specified comments that improved the quality of the article. 


© Ismailov MA, 2024 


Safety of Technogenic and Natural Systems. 2024;8(3):78-87. eISSN 2541-9129 


For citation. Ismailov MA. Influence of Chemical Composition of Abrasive Materials and Strength of Interlayer 
Boundaries on Impact and Abrasive Wear Resistance of Layered Composite Materials. Safety of Technogenic and Natural 
Systems. 2024;8(3):88—96. https://doi.org/10.23947/2541-9129-2024-8-3-88-96 


Opueunaibnoe amnupuyeckoe ucciedoeanue 


Bouse XHMM4eCKOLO COocTaBa a6pa3nBa MW MpOUHOCTH MexKCJIOMHBIX TpaHull Ha yapHo- 
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AHHOTalna 

Beedenue. Jletanu MaliwH WM MexaHH3MOB, 3KCIUIyYaTHpyeMble B pa3/IM4HbIX YCJIOBHAX, IPH KOHTaKTe Cc aOpa3HBHbIMH 
yaCTHUaMH OBICTpO H3HAaLIMBalOTCA MU BbIXOJAT H3 cTpos. HanpuMmep, Ip Mepekauke THKEeIIbIX OYPOBBIX PaCTBOPOB H3-3a 
MHTCHCHBHOTO H3HalIMBaHHA JeTaIM ruypaBsMyeckoro O0Ka OypoBoro Hacoca yepe3 5—10 uacos padoTbI HeoOxoHMO 
MeHaTb. AHasIv3 Hay4HbIX WyOMMKAalM WM OMIT SKCIIyaTalun OypOBbIX HaCOCOB yKa3bIBalOT Ha TO, 4YTO CyMeCTBYIOMHe 
CiocoOb! NOBbILICHHA H3HOCOCTOMKOCTH KOHCTpyKUMOHHBIX CTasleii pH aOpa3HBHOM HM yapHo-adpa3HBHO BO3elCTBHM 
Mayload)(bexTHBHEI. [losTOMy akTyaJIbHOH 3a{auel ABJIACTCA MOBbILICHHe ITHX CBOMCTB B pe3yJIbTaTe COBEPLICHCTBOBaHHA 
KOHCTPpyKUHH HW TEXHOJIOHH V3TOTOBIIEHHA eTael OypOBbIX HaCOCOB, YTO MO3BOJIMT CHV3HTb 3aTpaTbI Ha TIpOH3BOCTBO 
MX KOMIVICKTYIOWIMX, PeMOHT HM OOcuyKHBaHHe. Llembro JaHHOM paOors! ABIIAeTCA MCCIeNOBaHHe BIIMAHHA XHMHYECKOTO 
cocTaBa a0pa3HBHbIX YacTHI, H MpOYHOCTH Me%KCJIOMHBIX TpaHHI, «H3HOCOCTOMKad CTalIb — pe3HHa) Ha yapHo- 
a0pa3HBHY!0 H3HOCOCTOMKOCT CJIOHCTBIX KOMMO3HIMOHHBIX MaTepHaios. 

Mamepuanoi u memooot. Crouctbie KOMMO3MUMOHHbIe MaTepHasbl (CKM) cocTossMm U3 H3HOCOCTOHMKOrO CuIOA CTA 
40X uw pesuHoporo cod OyTHIKay4yKa Mapku BK-1675H. YyapHo-abpa3suBuyto M3HOCOCTOMKOCTh CKM paccmatpu- 
Basi B cooTBeTcTBHH c TOCT 23.207—79 na cneyuanbHon ycTtaHosKe. B kayectBe aOpa3HBHoro MaTepuasia Oblia B3ATa 
CME€Cb OKCHa KpeMHMA V atomMMHHa. U3yyenHe MUKPOCTpyKTypbI MoBepxHocTH CKM, xumuyeckoro u (a3z0Boro Co- 
cTaBa aOpa3HBHOro MOpouika NpoBOAMIM Ha OOopyxzoBaHuH LIKI] «Hanorexnonorum» FOPIITY (HIM). Agresnonnyro 
IIPOUHOCTh MEXKCIIOMHEIX rpanuy CKM uccseqoBasM Ha paspaOoTaHHOH AIA STON We yCTaHOBKe. 

Pe3yibmamoi uccnedosanua. B pe3syibtate uccneqoBanuli CKM ua yyapHo-aOpa3uBHbIMt M3HOC BBIABJICHO, YTO MX 
Y3HOCOCTOMKOCTb B HECKOJIBKO pa3 BbIMIe, 4M Y CTaIeH, MCHOUb3YeMBIX JIA W3FOTOBJICHHA NeTasieH, yCTOMUMBBIX K 
BOS3JeHCTBHIO aOpa3sHBHBIx YacTHU. BeraBeHo, YTO B MIpOecce H3HALIMBaHHA TBEPAbIe YaCTHIUbI OKCHAOB aIIOMHHHA Vi 
KPe€MHHA AKTHBHO BHEApAIOTCA B HOBepxHocTb CKM, ysBeswunBad MHTCHCHBHOCTb M3HOCA, TOra KaK MeHee TBepsbIe 
YaCTHIbI aIOMMHaTOB MarHHA HW KasIbIMA IPH yape paspylWlaroTca UM 3aKpelIAIOTCA B OOpa3z0BaBlUIHxcA WedekTax Ha 
moBepxHoctn CKM, He3Ha4uHTeIbHO CHWKad MHTCHCHBHOCTb H3HOCa. YCTAHOBJIEHO, YTO Ip coeqMHeHHH cioeB CKM 
MeTOOM ropsdel BYIKAHH3alH MO WaBsIeHHeM MU KOHWeHTpawnn Megu 25-30 % B cheyeHHou cram I140X ayresu- 
OHHad TpOUHOCTh NoBEaeTca WO 0,93 MITa. 

O6cystcdenue u 3aKio4enue. PazspadoTaHHEIe CKM mo3Boua10T He TOJIbKO MOBbICHTb adpa3HBHyIO H yapHo- 
a0pa3HBHY!0 H3HOCOCTOMKOCTb, HO H B KaYeCTBe H3HOCOCTOMKOTO CJIOA HCMONL3OBaTb Oosee WeWleBble MapKH CTasIM. 
IIpeanoxKeHHEIi crioco6 coeqMHeHHA cnoeB CKM u3 ciedeHHbIx CTayIeH HCKIIOYaeT HEOOXOAMMOCTH B JOMOHUTEIIb- 
HOM MexaHHyeckon OOpadoTKe NOBepXHOCTH H B HCIOb3OBAaHHH CHCWMAIbHbIX KIeAMMX CocTaBoB. Takue CKM moryt 
MCHONb30BaTbCA B y3axX WeTamei MallMH MH M€XaHH3MOB, KOTOPble IKCIWIyaTHpyIOT B YCIOBHAX aOpa3HBHOrO H yiap- 


HO-aOpa3HBHOrO M3HOCA. 


Kosrrouesple cJ10Ba: ylapHo-a0pa3uBHaa M3HOCOCTOMKOCTB, CIOMCTbIM KOMMO3HIMOHHbIM MatTepuHall, OypoBEIe Hacocsl, 
yupyro-7HCCuMaTHBHad NOWIOKKAa, alresHOHHad MWpOYHOCTbh 


BuaarogqapHocrn. ABTODBI BbIpaxkKalot OaroyqapHOcT petakuHW WU peleH3eHTaM 3a BHHMaTeCJIbHOe OTHOIMCHHe K 
CTaTbe HW YKa3aHHble 3aMe dana, YCTpaHeHHe KOTOPbIX NO3BOJIMJIO HOBBICHTb Ce KadyecTBO. 


Aisa HuTHpoBanua. Mcmanos M.A. Bauanue xumuyeckoro cocTaBa aOpa3HBa MW MpOdHOCTH MexKCIIOMHBIX rpaHull Ha 
yapHo-aOpa3HBHY!O H3HOCOCTOMKOCTb CJIOMCTBIX KOMIMO3HI[MOHHBIX MaTepvasioB. bezonacHocmb mexHOzeHHbIx Uu 
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Introduction. The main reason for the decrease in the operational reliability of parts and mechanisms in mining [1], oil 
and gas [2], construction, road and processing industries [3] is the impact of various types of wear, such as abrasive, shock- 
abrasive, corrosive, and fatigue and others [4]. For example, scientific research and operational experience with drilling 
pumps have shown that the hydraulic block components are more susceptible to abrasive and shock-abrasive wear. 

The analysis of scientific publications has shown that materials developed for operation in impact and abrasive wear 
conditions must have high hardness, viscosity and wear resistance [5]. However, the experience of operating drilling 
pumps [6] indicates that one of the reasons for the decrease in the operational reliability of valve parts is the low impact 
and abrasive wear resistance of structural steels [7] and sealing elastic elements [8]. Therefore, an urgent task is to 
develop a technology for producing layered composite materials in which one of the layers is made of a wear-resistant 
material, and the other is made of an elastic-dissipative one, for example, based on rubber mixtures, which allows 
absorbing part of the impact energy acting on the part. 

Materials and Methods. Layered samples were made for testing, one layer of which was made of wear-resistant 
steel (Fig. 1, pos. 1), and the other, elastic layer was made of BK-1675N butyl rubber (Fig. 1, pos. 2). As wear-resistant 
steel, we used: 

—rolled steel 40X, which was subjected to heat treatment — quenched at 860°C with oil cooling and tempered 
at 200 and 570°C with air cooling; 

— sintered and hot-formed steel P40X. 


wi 


Fig. 1. Samples of LCMs for testing for impact and abrasive wear resistance: 
1 — wear-resistant material; 2 — elastic-dissipative substrate 


The impact and abrasive wear resistance of layered samples was tested in accordance with GOST 23.207-79! on a 
special installation [9]. The principle of operation of the installation was based on the forced impact of the sample on 
the counterbody through a layer of abrasive. The wear of the samples was estimated by the lost mass after 1000 strokes 
on analytical scales OHAUS Pioneer PA [10]. 

GOST 23.207—79 “Ensuring of wear resistance of products. Testing of engineering materials for impact abrasive 
wear” recommends to use silicon carbide as an abrasive to compare the abrasive and impact-abrasive wear resistance of 
various materials. However, in relation to the specific operating conditions of machines and mechanisms, GOST allows 
the use of an appropriate abrasive material. For example, to increase the density of drilling fluids, various weights are 
used, the choice of which will depend on the specific drilling conditions. In the case where weights with greater 
abrasiveness are required, various abrasive materials are used [11]. Therefore, a mixture of silicon and aluminum oxides 
was used as an abrasive when testing for impact and abrasive wear resistance. 

Microstructure of the LCMs surface after testing for impact and abrasive wear resistance, X-ray studies and 
qualitative phase analysis of the abrasive powder were carried out at the Common Use Center “Nanotechnology” of 
Platov South-Russian State Polytechnic University (NPI). 

To study the adhesive strength, the samples of rolled steel 40X, sintered and hot-deformed steel P40X were glued to 
rubber in two ways: with an adhesive based on chloroprene rubber and by hot vulcanization under pressure at a 
temperature of 160°C for 20 minutes without glue [12]. The adhesive strength of the interlayer boundaries of LCMs was 
studied using the installation developed for this purpose [13]. 

Results. Tests with impact energy from 3 to 23 J showed that 40X steel samples wear significantly more after 
improvement than samples after low tempering (Fig. 2, curves | and 3). At the same time, the use of elastic-dissipative 
substrate (UDS) reduced wear by 1.5—2 times (Fig. 2, curves 2 and 4), compared with samples that were tested without 
a substrate (Fig. 2, curves | and 3). 


' GOST 23.207-79. Ensuring of wear resistance of products. Testing of engineering materials for impact abrasive wear. 
URL: https://docs.cntd.ru/document/1200010682 (accessed: 22.05.2024). (In Russ.) 


Safety of Technogenic and Natural Systems. 2024;8(3):78-87. eISSN 2541-9129 


Am, & 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0.00 


0 4 8 12 16 20 24 =«O=£E,J 


Fig. 2. Dependence of wear (Am) on impact energy (E) without (1, 3) and with a rubber substrate (2, 4) LCMs with a working layer 
of 40X steel after improvement (1, 2) and low tempering (3, 4) 


In Figure 2, it can be seen that with an increase in the impact energy, the wear intensity of the samples changed, and 
two sections could be distinguished. At the first stage, with an increase in the impact energy to 12 J, the wear of the 
samples increased as a result of the introduction of abrasive particles into their surface (Fig. 3 a) and into the grain 
boundaries (Fig. 3 6), which contributed to intensive chipping of micro-volumes of metal. In the second section, with a 
further increase in the impact energy, as a result of plastic deformation, the upper layer of the sample was strengthened, 
and abrasive particles, collapsing, loaded its surface, resulting in a slight slowdown in the intensity of wear. 


b) 
Fig. 3. Microstructure of the working layer surface made of improved 40X steel: 
a — in the steady state of wear; b — at the stage of intensive wear 


X-ray phase analysis showed that the abrasive powder mainly consisted of aluminum and silicon oxides, magnesium 
and calcium aluminates (Fig. 4). Phase composition of the abrasive did not change after wear resistance tests. 


20.0 30.0 40.0 50.0 20° 


Fig. 4. Phase composition of the abrasive powder used in tests for impact and abrasive wear: 
a — Si02; b — MgAl2Oa; c — CaAl204; d — Al2O3 


After the impact resistance test, there were areas with particles of silicon and aluminum oxides on the surface of 
40X steel rings, which, penetrating into the surface of the sample, formed wells and activated the destruction process at 
the initial stage (Fig. 5 a). Magnesium aluminate particles (Fig. 5 a, pos. 2) due to the lower hardness (Mohs scale 
hardness 7.5—8), compared with aluminum oxide particles (Mohs scale hardness 9), with increasing impact energy, 
partially penetrated into the surface of the sample, and most of them were destroyed. Calcium aluminate particles 
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(Fig. 5 a, pos. 3) due to low hardness, at all values of the impact energy, actively loaded the LCMs surface (Fig. 3 a). 
Figures 5 b-g provide chemical composition of the test surface in the abrasive particles area. 
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Fig. 5. Microstructure (a) and distribution of components in abrasive particles on the surface of improved 40X steel at the stage 
of intensive wear: b, c — silicon oxide; d, e — magnesium aluminate; f, g — calcium aluminate 
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Studies showed that the operational reliability of LCMs was significantly affected by the adhesive strength of the 
interlayer boundaries. The adhesive strength of the interlayer boundaries of LCMs “steel — rubber” bonded with glue 
based on chloroprene rubber (Fig. 6, /) and hot vulcanization (Fig. 6, 2) differed significantly. 

Figure 6 shows that LCMs bonded with glue had greater adhesive strength with rubber than LCMs connected by hot 
vulcanization under pressure. The adhesive strength of the samples made of P40X steel with rubber was almost the 
same when using both bonding methods and amounted to 0.21 and 0.2 MPa, respectively (Fig. 6 c and Fig. 6 d). 
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Fig. 6. Dependence of the adhesive strength of LCMs on the technology of obtaining steel samples: 
a, b — rolled 40X; c, d— sintered P40X; e, f— hot-deformed P40X 


When tested for impact and abrasive wear resistance, LCMs bonded with glue were destroyed due to overstress 
along the metal-rubber boundary, due to their significantly different stiffness, degree of deformation and the complex 
stress state that occurred as shear deformations developed [14]. 

Therefore, further research was aimed at increasing the adhesive strength of sintered P40X steel with rubber connected by 
hot vulcanization. One of the ways to increase the adhesive strength was to add copper to the charge (Fig. 7), which, when 
sintered above its melting point, spread over the free surface of the particles and interparticle boundaries under the influence 
of surface tension forces. This helped to increase the surface porosity of the compacts. 
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Fig 7. Effect of copper on the adhesive strength of LCMs made of sintered (1) and hot-deformed steel P40X (2) 
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Figure 7 shows that an increase in the concentration of copper in sintered P40X steel led to an increase in the 
adhesive strength of LCMs from 0.1 to 0.93 MPa, while the strength of the interlayer boundaries of LCMs with hot- 
formed steel increased slightly (from 0.05 to 0.3 MPa) due to the fact that during dynamic hot pressing, the surface was 
smoothed and most pores closed. 

During hot vulcanization under pressure, crude rubber was pressed into the pores on the surface of sintered steel 
P40X (Fig. 8 a) and copper and iron sulfidation occurred in the process, and intermediate copper sulfide films of 
nonstoichiometric composition of CuxS type were formed between copper particles and rubber [15], which increased 
the adhesion of rubber to the matrix of sintered steel. 


Fig. 8. Microstructure of the LCM transition zone: 
a — sintered steel — rubber; b — distribution of copper; c — sulfur; d — other elements 


The analysis of the results of mapping the interlayer boundary of the sintered steel—rubber LCM revealed the 
distribution zones of copper (Fig. 8 5) and sulfur (Fig. 8 c) elements. Thus, in the areas enriched with copper, due to the 
formation of copper sulfides, the concentration of sulfur increased, which led to an increase in the LCMs adhesion. 

Discussion and Conclusion. The studies have shown that the intensity of impact-abrasive wear depends on the 
structure of 40X steel, the impact energy and the chemical composition of abrasive particles. It was found that with an 
increase in the impact energy from 3 to 9 J, the intensity of abrasive wear of 40X steel samples increases and does not 
depend much on the type of heat treatment. This is due to the fact that at these values of impact energy, abrasive solids 
are actively embedded in the surface of the sample, triggering the mechanism of impact-abrasive wear. An increase in 
the impact energy from 9 to 22 J leads to a decrease in the intensity of wear due to the fact that solid abrasive particles 
of silicon and aluminum oxide, magnesium aluminate, without having time to penetrate into the surface of the sample, 
break down into smaller parts and form smaller wells, and calcium aluminate particles actively break down, fixing 
themselves in the formed wells, micropores and other defects. 
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It was found that when adding from 5 to 20% of copper to the charge, the adhesive strength of the interlayer 
boundaries of the steel—rubber LCM increased by 3-4 times as a result of the spreading of copper under the influence 
of surface tension forces over the free surface of particles and interparticle boundaries, as well as the formation of Cu,S 
copper sulfides during hot vulcanization under pressure. 
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O06 aemope: 

Mapxkn3 A3n30BH4 Acmansios, cTapuinii mpenoyapatesrb Kaceszpbl aBTOMOOMIM HW TpaHClopTHO-TexHosIOrMueckHe 
Komiiekcbt [Ox Ho-Poccuiickoro rocyapcTBeHHOrO MoOsMTeXHHYecKorO yHuBepcuTeta (HIM) umenu M.M. Usaropa 
(346428, Poccutickaa M@eyepatua, r.Hopouepxacck, yu. Ipocpemenua, 132), SPIN-Kom: 9370-9816, ORCID, 


al_myalim@mail.ru 


Kongaukm unmepecoe: aprop 3anB1neT 06 OTCYTCTBHH KOH@.INKTAa HHTepecos. 
Aemop npowuman u odo6pun oKon4amenbublit Gapuanm pyKonucu. 
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